− complexes to function as either an electrophilic or weak nucleophilic oxidant depending upon the nature of the para-X substituents. For comparison, the oneelectron-oxidized cationic Mn V (O)(TBP 8 Cz •+ ) complex yielded a linear Hammett relationship for all substrates (ρ = −1.40), consistent with a straightforward electrophilic mechanism. This study provides new, fundamental insights regarding the influence of axial donors on high-valent Mn V (O) porphyrinoid complexes.
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■ INTRODUCTION
A key structural factor that contributes to metal-oxo reactivity in heme enzymes is the nature of the axial ligands coordinated trans to the oxo group. The concept of axial ligand tuning is exemplified in the powerful oxygenating enzyme Cytochrome P450, in which the anionic, deprotonated Cys ligand is believed to play a critical role. It has been suggested that the Cys in Cyt-P450 plays an essential role in modulating the reactivity of Compound-I (Cpd-I), Fe IV (O)(porph •+ )(Cys), (porph = porphyrin) which is the key intermediate prior to substrate oxidation. 1−7 Further evidence for the importance of the axial donor lies in the fact that it is the major feature that distinguishes broad classes of heme enzymes, with Cyt-P450 and chloroperoxidase (CPO) containing an axial Cys, peroxidase containing an axial His, 8−10 and catalase containing an axial Tyr ligand. 11, 12 The preparation of synthetic analogs of heme enzymes has provided a means to test mechanistic hypotheses regarding the influence of axial donors. Synthetic models of heme active sites are particularly useful for examining complexes that are analogous to the highly unstable intermediates in enzyme systems, including high-valent metal-oxo species. Regarding the influence of axial donors on these species, a potential advantage of model systems is the ability to rationally tune the nature of the axial ligand by varying its structural and electronic properties in a systematic fashion. The influence of axial ligands on high-valent, iron-oxo porphyrin models has been investigated, including the examination of the effects of axial donors on oxygen-atom transfer (OAT) reactivity. For example, axial ligands were shown to enhance the reactivity of Fe(O)(porph) in epoxidations. 13−21 A recent study on the effects of axial ligation on Cpd-I analogs, Fe IV (O)(porph •+ )(X), provided a detailed thermodynamic analysis which led to a possible explanation for the trend in OAT reactivity versus axial donor. 15 The mechanisms of these reactions and especially the exact role played by the axial ligands are still not well understood.
In contrast to Fe(O) species, the influence of axial donors on analogous Mn(O) porphyrinoid complexes has been much less studied, with very few systematic investigations for a wide range of axial ligands reported to date. 22−30 One of the few examples comes from Chang and co-workers, who showed that the reactivity of an Mn V (O) corrole toward styrene can be enhanced by 10-fold with an imidazole as an axial ligand. 23 The effects of axial donors on nonheme Mn(O) complexes such as Mn(O)-(salen)(X) have been reported. 31−34 However, direct structural, spectroscopic, or reactivity information on these complexes is in general quite limited because of the transient nature of these species. 31 Previously, we took advantage of our ability to isolate and definitively characterize a relatively stable high-valent Mn
), which contains a ring-contracted porphyrinoid ligand, in order to examine the influence of cyanide and fluoride ions on C−H activation. Indirect evidence was obtained that suggested CN − and F − were weakly bound trans to the terminal oxo ligand and caused significant increases in Hatom abstraction rates. 35 More recently, we used X-ray absorption spectroscopy to characterize one of these complexes, [ − from UV light (<400 nm). The temperature-dependent kinetics were performed on a Hewlett-Packard 8453 diode-array spectrophotometer equipped with an Unisoku thermostat cell holder. Gas chromatography (GC) was performed on an Agilent 6850 gas chromatograph fitted with a DB-5 5% phenylmethyl siloxane capillary column (30 m × 0.32 mm × 0.25 μm) and equipped with a flame-ionization detector. GC mass spectrometry (GC-MS) was performed on an Agilent 6850 gas chromatograph fitted with a DB-5 5% phenylmethyl siloxane capillary column and equipped with a mass spectrometer. LDI-TOF was conducted on a Bruker Autoflex III TOF/TOF instrument equipped with a nitrogen laser at 335 nm using an MTP 384 ground steel target plate. 31 − (λ max = 428, 471, 680 nm) was observed by UV−vis spectroscopy. Upon completion of the reaction, the solution was concentrated to ∼50 μL under vacuum. The phosphine reaction was dissolved in CDCl 3 and analyzed by 31 P NMR. The yield was obtained by comparing the integration of the product peak, triphenylphosphine oxide, to that of the reactant peak (PPh 3 ). To analyze the DMS reaction, n-decane was added as an internal standard, and the solution was immediately analyzed by GC-FID. The product, dimethyl sulfoxide (DMSO), was identified by comparison with a standard sample. Yields were obtained by comparing the integration of the product peak with the integration of the internal standard peak. All yields are an average of two runs.
OAT Reaction of [Mn − at 634 nm versus time:
where Abs f = final absorbance, Abs 0 = initial absorbance, and Abs t = absorbance at time (t). Second-order rate constants were obtained from the slope of the best-fit line of the linear plot of k obs versus substrate concentration. ] total plot is given in eq 3. . The pseudo-first-order (k obs ) rate constants were obtained as described above. The log(k X /k H ) for each parasubstituted thioanisole was graphed versus its Hammett constant (σ). for DBS. 36 We next sought to extend our study on the influence of anionic donors and determine whether a correlation with reactivity and the nature of the axial donor could be made. Figure 1a and Figure S1 ) of the reaction mixture identified OPPh 3 as the major product in 89% yield (Scheme 1). Thus, the Mn V (O) complex, in the presence of TBAF, reacts rapidly and quantitatively with both thioether and phosphine O-atom acceptors to give sulfoxide or phosphine oxide products via a formal OAT process.
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Dependence of OAT Rates on Fluoride Concentration. In earlier work we showed that the rates of H-atom abstraction by Mn V (O)(TBP 8 Cz) with C−H substrates depended on the concentration of added TBAF. 35 A plot of pseudo-first-order rate 35 In the present study, the rates of sulfoxidation of DBS under pseudo-first-order conditions were similarly monitored by UV−vis, and the concentration of TBAF was varied. Plots of the absorbance associated with the decay and growth of the Mn V and Mn III complexes, respectively, were wellfit to a single exponential kinetic model ( Figure S2) Figure S3 ). This 42 cm −1 shift is in good agreement with diatomic harmonic oscillator predictions as well as previously published results. 42 The spectra for the F mechanism shown in Scheme 2. The resulting fits yielded pseudo-first-order rate constants (k obs ), which were found to be linearly dependent on substrate concentration ( Figure 5 ). The best-fit lines of k obs versus [substrate] yielded second-order rate constants (k) ( Table 1) for the different axial donors.
As can be seen from − product was seen for all substrates. The resulting pseudo-first-order rate constants (k X ) for the different parasubstituted derivatives were used to construct the Hammett plot shown in Figure 6 . For the electron-donating substituents, there is a good linear correlation with a clear negative slope of rho (ρ) = −1.29. This trend is easily explained by a mechanism involving electrophilic attack of the oxo group of the Mn V (O) complex on the sulfur center of the thioanisole derivatives. A negative ρ value was also seen for H-atom abstraction by the five-coordinate Mn V (O) complex with a series of p-substituted phenols. 45 These data indicate that the anionic, six-coordinate Mn V (O) complex maintains significant electrophilic character. However, the electron-withdrawing p-COOMe, p-CN, and p-NO 2 substituents lead to a substantial increase in reaction rate and a positive rho value of ρ = +1.22. Such a "V-shaped" Hammett plot suggests a distinct change in mechanism for the electron-poor substrates. For comparison, a V-shaped Hammett plot was observed for a related Mn V (imido)(corrole) complex, also implicating a mechanistic switch. 46 The generality of this change in mechanism for the six-coordinate anionic Mn V (O) complexes was confirmed by examining the fluoride-ligated [Mn
Reaction of this complex with p-X-C 6 H 4 SCH 3 derivatives also revealed a clear V-shaped Hammett plot ( Figure  S14) .
A possible explanation for the V-shaped Hammett plots comes from consideration of the contributing resonance structures shown in Figure 7 . The quinoid-type resonance forms may be partly stabilized by the electron-withdrawing p-COOMe, p-CN, and p-NO 2 substituents. Evidence for the contribution of a similar quinoid-type resonance form in a p-nitrophenylthiolate− Ni II complex was observed by X-ray crystallography. 47 The quinoid-type resonance form shown in Figure 7 generates partial positive charge on the sulfur center, making these relatively electron-poor substrates potentially electrophilic in nature. A different mechanism for sulfoxidation could then result for the pCOOMe, p-CN, and p-NO 2 substrates.
The two possible mechanistic scenarios are shown in Scheme 4. Pathway A corresponds to the electron-donating para-X substituents and shows the sulfoxidation reaction formally broken into electron-transfer and O−S bond formation steps. The redox potentials of the thioether substrates (E°o x = 1.2−1.6 V vs SCE) as compared to the parent five-coordinate Mn V (O) complex (E 1/2 = −0.05 V vs SCE) 37 indicate that pure outersphere ET between ArSR and the six-coordinate, anionic Mn V (O) complexes is likely to be thermodynamically highly disfavored. Thus, a more reasonable mechanism, which we favor, involves a single transition state with contributions from both the ET and S−O bond formation steps formally depicted in Pathway A. The rates for the electron-donating substituents correlate with the trend expected from a significant contribution of the ET process, which should get slower as the redox potential of the thioether increases. In contrast, the electron-withdrawing substituents may exhibit negligible contribution from electrontransfer because of their very high redox potentials. For these substrates, the quinoid-type resonance structure can enhance the rate of S−O bond formation, taking advantage of the ability of the anionic [Mn − (X = CN − or F − ) complex to serve as a potential weak nucleophile. 48, 49 Thus, for pathway B, the transition state is dominated by S−O bond formation. This barrier would be lower for more electron-withdrawing substrates, providing an explanation for the positive ρ value and the Vshaped Hammett plot seen in Figure 6 .
The cationic complex Mn •+ ). These findings suggest a novel bifurcated mechanistic scenario in which the axially ligated anionic complexes can function in either a purely electrophilic capacity or in an initial nucleophilic manner when strong electronwithdrawing substituents are present on the thioanisole derivatives. Our results suggest that axial ligation is a key factor in the OAT reactivity of Mn V (O) complexes, and the addition of the appropriate axial donor can be a good strategy for dramatically increasing OAT reactivity. Even though the axially ligated complexes bear an overall negative charge, they function as more powerful, electrophilic oxidizing agents as compared to the nonligated, neutral Mn V (O) precursor complex. With the strong electron-withdrawing p-X substituents on the thioanisole derivatives, the nucleophilic properties of the anionic Mn V (O) complexes provide a further boost to their reactivity. These new mechanistic insights should help in our understanding of axial ligand effects in heme enzymes as well as in the potential design of new synthetic oxidation catalysts. ) with para-X-substituted thioanisole derivatives in CH 2 Cl 2 . 
